The mm-wave spectra of 15N l s O and 14N 170 in both X 2n l/2 and Ar2/73/2 states have been measured and assigned for the first time. Improved rotational and, for the first time, 170 hyperfine coupling constants have been derived from the analysis. The 14N lvO data yield parameters o f the unpaired electron spatial distribution near both nuclei. Furthermore, the deviation from the BornOppenheim er approximation is confirmed on the basis of the rotational constants of five isotopomers. Finally, when comparing the nuclear spin-rotation constants to the ones o f other molecules containing 14N or 170 nuclei, a roughly linear proportionality with the rotational constant B is found.
Introduction
Rotational spectra of diatomic molecules bear fun dam ental inform ation on molecular structure and the chemical bond. The rotational energies are character ized by three contributions: First of all, the moment of inertia of the molecular frame determines the pure rotational contribution. Therefore, rotational spec troscopy yields the most precise determination of bond lengths. By careful analyses of rotational transi tions of different isotopomers in several vibrational states, a slight dependence of the internuclear equilib rium distance on the isotopic constitution has been detected for several molecules and interpreted as a deviation from the Born-Oppenheimer approxim a tion (e.g. [1] [2] [3] [4] ). Theoretical corrections to the BornOppenheim er approxim ation have been given by W atson [1, 5] and Bunker [6 ] . As to experimental con tributions, an extensive study on observed adiabatic and non-adiabatic corrections to the Born-Oppen heimer approxim ation has been performed for more than 10 diatom ic molecules by Tiemann et al. [2] . For such studies, it is desirable to have a maximum of rotational spectra of different isotopomers and vibra tional states for a given molecule.
A second effect in rotational spectra will occur if the molecule is a radical. Then, the presence of electronic spin or electronic angular momentum leads to a fine structure. Finally, nonzero nuclear spins give rise to hyperfine structure (hfs). In both cases it is the spatial distribution of the unpaired electron(s) that deter mines the m agnitude of the effects, and thus the re lated molecular param eters contain information on the electronic distribution. CN is an example where all three contributions appear. For this radical, recently laboratory and astronom ical rotational spectra have been combined to derive the related molecular p a rameters [3] , One of the fundamental diatomic radicals is nitric oxide. Among NO isotopic species, rotational spectra of 1 4 N 1 6 0 , 1 5 N ieO, and 1 4 N ls O have been observed in their ground states by mm-and submm-wave highresolution spectroscopy within recent years [4, 7] . In [4] , these measurements were used to study the iso topic dependence of rotational constants; a slight breakdown of the Born-Oppenheimer approxim ation had been detected as judged by the reduced mass dependence of the rotational constant B.
Here we present high-resolution mm-wave m ea surements of 1 5 N lsO and 1 4 N 170 in both X 2n 1/2 and X 2n 3/2 states. In com bination with the results from vibrational spectroscopy, performed by Teffo et al. [8 ] and Amiot et al. [9] , the new data allow us to check the reduced mass dependence of B found in [4] . As one result, the m entioned deviation from the BornOppenheimer approxim ation can be confirmed now on the basis of rotational constants of five -instead of three -isotopomers.
The only oxygen nucleus with nonvanishing nu clear spin is 1 7 0 . The 170 hyperfine structure param e ters, determined for the first time in nitric oxide, and their 14N counterparts allow us to obtain parameters of the electronic orbital distribution near both nuclei in this diatomic molecule.
Finally, the very small nuclear-spin rotation cou pling constants for both nuclei will be com pared to the ones for other linear molecules.
Experimental Procedure
The spectra of both isotopomers, 1 
To free nitric oxide, mercury and sulphuric acid were added to the mixture of nitrous and nitric acid, as described in [4] . The final concentrations in the gas eous sample were estimated to lie at about 0.5% For the observation of the J = 3/2 <-1/2 lines, at 137 G Hz (15N lsO) and 146 GHz (14N 1 7 0 ) , the spec trom eter was used in the configuration previously de scribed [11] ; the J = 5/2 <-3/2 transitions were mea sured using a phase-locked backward wave oscillator (Carcinotron, Thomson-CSF) as frequency source.
79 transitions of 1 For better recognition of the 1 5 N lsO spectra at 137 GHz, observed with a frequency-doubled G unn oscillator, reference spectra without sample were recorded and subtracted. For one hyperfme com po nent the result is plotted in Figure 2 . 
Measurements and Analysis
The matrix elements of the Hamiltonian used here for 1 5 N ls O have been published [4] . However, 1 4 N 1 7 0 , bearing two non-zero nuclear spins, requires some modifications, which are given in the Appendix.
Concerning 1 5 N lsO, the measurements were straightforward, based on initial frequency predic tions made with the following assumed values: (/) Spin-orbit constants A e{{ and A D given in [8 ] , (ii) ro ta tional and yd-doubling parameters of 1 4 N 160 from [4] but modified according to their reduced-mass depen dence, and (iii) hyperfine constants of 1 5 N ieO from [4] . The observed transitions have been fitted in a least-squares procedure to determine the molecular parameters given in Table 4 .
Measurement of the 1 4 N 170 species required a more thorough preparation due to the unknown 1 7 0 hyperfine structure, expected to cause larger splittings than its 14N counterpart. We predicted the magnetic hyperfine splitting by taking the b and c constants from the 0 170 data published by Cazzoli et al. [12] , and by scaling the nuclear spin-orbit coupling con stant a to the corresponding 14N ratio, The initial choice for the nuclear electric quadru pole coupling constant e Q q i ( 1 7 0 ) is not essential, since the hyperfine splitting is dominated by magnetic contributions. A e{{ and A D have been taken from [9] , while the rotational and A-doubling parameters were treated as for 1 5 N lsO.
The observed doublet transitions of 1 4 N 170 at 146509 M H Z deviated by about 10 M Hz from the first prediction. Their tentative assignment led gradu ally to the detection and assignment of 79 transitions, resulting in the constants given in Table 5 . Nine 170 hyperfine structure parameters, namely a, b, c, d , dD, Cj, Ci, eQqt and eQq2, were determined. From the corresponding 14N values, dD and C, have been taken from [4] and kept fixed. An attem pt to fit a nuclear spin-spin interaction param eter did not result in a significant value; this is no surprise since the param e ter is calculated to be of the order of 1 kHz. F or both isotopomers, the effective spin-orbit cou pling constants A e{( are not well determined by the present mm-wave spectra and have been fixed to the values obtained from infrared spectroscopy. The spinrotation constant y cannot be determined indepen dently from A d and has subsequently been set to zero.
Discussion
In Tables 4 and 5 , the rotational and /1-doubling constants for 1 5 N ls O and 1 4 N 170 can be compared with the corresponding values calculated from the iso topic dependence published in [4] ; the clear coinci dence in B0 confirms the values of the Born-Oppen heimer correction param eters given there. The deviation from the Born-Oppenheimer approxim a tion is displayed in Fig. 3 , where the dependence of the /z//z(14N16 0 ) equilibrium internuclear distance on the isotopic con stitution is shown.
In the absence of rotation-vibration interaction, hy perfine structure (hfs) is the smallest splitting that molecular spectra exhibit. Nevertheless, hfs bears in formation on the spatial distribution of electrons near the nuclei. In particular, the nuclear quadrupole cou pling constants depend on the field gradients pro duced by the electrons at the nucleus. F or closed-shell molecules with nuclear spin I > 1, the electric quadru pole coupling in general forms the dom inant contribu tion to the hfs. It is accompanied by a very small shift due to magnetic nuclear-spin rotation interaction. In open-shell molecules such as N O, an additional, how ever more dom inant hfs contribution arises from the magnetic interaction of the nuclear spin with the un paired electron spin and the orbital angular mom en tum thus depending on the orbital distribution of the unpaired electron near the nucleus.
Hfs constants provide definite tests of electronic wavefunctions if the nuclear m oments are known. Concerning the 14N and lvO nuclei, G erber and H u ber [13] and Eggenberger et al. [14] have shown that the quadrupole coupling constants e Q q for several closed-shell molecules calculated by theoretical m eth ods are in good agreement with experimentally ob tained values, allowing a determ ination of nuclear quadrupole moments.
From the present measurement for the 1 4 N 170 molecule, a complete set of magnetic and quadrupole hyperfine coupling constants for both nuclei has been determined. These param eters enable us to derive or bital and spin distribution properties of the electrons near both nuclei, and they may also form a test of quantum-chemical calculations. It can be seen from Table 6 that orbital and spin distributions of the un paired electron are quite similar near both nuclei (fol lowing [15] , values marked by 1 and s derived from orbital -nuclear spin and spin -nuclear spin interac tion), while the electric field gradients produced by all electrons turn out to be different for the two nuclei.
We will now turn to a brief discussion of the nuclearspin rotation constants C,. Townes and Schawlow [16] explained this interaction to arise mainly from the interaction with excited vibrational states (except for the case of H 2). In this framework, the ratio is proportional to this sum over excited electronic states ( n states, if the ground state is S or vice versa). Table 7 shows a compilation of e Q q, Q and Cj values for linear molecules bearing 14N or 170 nuclei. Ac cording to [16] , it can be expected th at the m entioned ratio is approximately constant for chemically similar molecules. For the 14N nucleus, Creswell et al. [17] confirmed this behaviour by com paring H C 3N with HCN. However, from an inspection of Table 7 , it is found that the Cj value for a given nucleus seems to be even roughly constant in different chemical environ ments, recognizable when comparing the N = 170 to a C = 1 7 0 , or the 14N = 0 to a 14N = C -bond. The case of CNCN, with two 14N nuclei in different bonds, is fairly instructive. While the Cj values for both nuclei agree within the uncertainties, the param eter e Q q varies strongly with the chemical environment. Since the quadrupole coupling constants depend not only on the average distance of the electrons from the nu cleus but also on their angular distribution, we may conclude from the presently available C, data that for nitrogen and oxygen atoms it is essentially the angular distribution of the valence p orbitals that is changed in different chemical bonds, while the average radial dis tribution remains essentially unchanged. This be haviour is also expected to be true for other atoms of the second period, while for the third period hybridi sation effects may become im portant. To study this aspect in somewhat more detail, more data on spinrotation coupling constants of e.g. 33S containing molecules would be desirable.
